The transcription factor Runx1/AML1 is an important regulator of hematopoiesis and is critically required for the generation of the first definitive hematopoietic stem cells (HSCs) in the major vasculature of the mouse embryo. As a pivotal factor in HSC ontogeny, its transcriptional regulation is of high interest but is largely undefined. In this study, we used a combination of comparative genomics and chromatin analysis to identify a highly conserved 531-bp enhancer located at position ؉ 23.5 in the first intron of the 224-kb mouse Runx1 gene. We show that this enhancer contributes to the early hematopoietic expression of Runx1. Transcription factor binding in vivo and analysis of the mutated enhancer in transient transgenic mouse embryos implicate Gata2 and Ets proteins as critical factors for its function. We also show that the SCL/Lmo2/Ldb-1 complex is recruited to the enhancer in vivo. Importantly, transplantation experiments demonstrate that the intronic Runx1 enhancer targets all definitive HSCs in the mouse embryo, suggesting that it functions as a crucial cis-regulatory element that integrates the Gata, Ets, and SCL transcriptional networks to initiate HSC generation. 
Introduction
The interest in stem cell-based therapies has emphasized the importance of understanding the molecular mechanisms by which cells choose their fate and mature along a particular lineage. The hematopoietic system has been particularly amenable for these type of studies, and preliminary gene regulatory networks have been generated to summarize and model the data obtained from a variety of in vitro and in vivo studies. 1, 2 However, few studies have directly addressed the transcriptional regulation of critical hematopoietic regulators at the stages at which they are active (ie, during hematopoietic stem cell [HSC] formation in embryonic development). The transcription factor (TF) Runx1 (also known as AML1, Cbfa2, or Pebp2␣) is arguably the most critical regulator of definitive HSC formation and is a frequent target of chromosomal translocations in leukemia (reviewed in de Bruijn and Speck 3 ; Jaffredo et al 4 ; and Speck and Gilliland 5 ). To advance our understanding of the molecular mechanisms involved in the process of HSC specification, it is thus of great interest to determine how Runx1 expression is regulated, particularly in HSC fated precursor cells. Very little is known concerning the transcriptional regulation of Runx1. Although several signaling pathways and TFs have been reported to act upstream of Runx1 in the development of the hematopoietic system (reviewed in Levanon and Groner 6 ), [7] [8] [9] [10] [11] [12] [13] [14] [15] no cis-regulatory elements have been identified. In the present study, we set out to identify and functionally characterize Runx1 cis-elements that are sufficient to drive reporter gene expression specifically to the sites of HSC emergence in a Runx1-specific pattern. Identification of such element(s) is a prerequisite to place the master regulator Runx1 firmly in the transcriptional network governing HSC emergence.
Materials and methods

Identification of conserved noncoding elements (CNEs)
Genomic sequences spanning the Runx1 locus were obtained from the NCBI (mouse build 36; human build 36) 16 and Ensembl (Xenopus tropicalis JGI 4.1; CanFam1.0) 17 databases, and by the sequencing and assembly of BACs containing opossum and chicken Runx1 following standard procedures (clones LBNL3_236F8, LBNL3_175O22, LBNL3_86F2, and CHORI-261_61E4). Opossum and chicken sequences are available through accession numbers AC146773, AC148232, AC151874, and AC146486. The mouse genomic sequence served as the base for sequence alignments using M-LAGAN (http://genome.lbl.gov/vista/index.shtml 18, 19 ) and MultiPipmaker (http://pipmaker.bx.psu.edu/pipmaker/ 20 ). The Gumby algorithm was used to identify CNEs with high likelihood of cis-regulatory function (available through the Vista website). 21 Putative TF-binding sites were identified using JASPAR matrices. 22 Alignments of individual CNEs were generated using ClustalX (MacVector; Accelrys, Cary, NC).
Timed matings and embryo collection
For timed pregnancies, female (129S1 ϫ C57BL/6)F1 mice were mated overnight (O/N) with (129S1 ϫ C57BL/6)F1, ϩ 23-line1 Tg, or Runx1-LacZ KI males and checked for vaginal plugs the next morning (E0) (Runx1 lz/ϩ mice kind gift of N. Speck, Dartmouth Medical School, Hanover, NH 23 ). Runx1 lz/ϩ and ϩ 23-Line1 Tg mice were maintained on a mixed background (129S1 ϫ C57BL/6 and CBA ϫ C57BL/6, respectively). Mice were housed with free access to food and water. All procedures were in compliance with Home Office regulations. Embryos were collected in phosphate-buffered saline (PBS; Gibco, Paisley, United Kingdom) supplemented with 10% fetal calf serum (Biosera, East Sussex, United Kingdom), 50 U/mL penicillin, and 50 g/mL streptomycin (Gibco) (PBS-FSC).
Cell culture
The mouse 416B myeloid progenitor cell line (kind gift of T. Enver, MRC Molecular Hematology Unit, Oxford, United Kingdom) was grown in Fischer medium (Gibco) supplemented with 20% horse serum (Gibco), 2 mM L-glutamine (Gibco), 50 U/mL penicillin, and 50 g/mL streptomycin (Cambrex Bioscience, Cambridge, United Kingdom), at 37°C, 5% CO 2 . Cells were maintained at a density of 2 to 8 ϫ 10 5 cells/mL.
DHS analysis
DNAseI hypersensitive site (DHS) analysis was carried out as described. 24 Briefly, isolated nuclei of (129S1 ϫ C57BL/6)F2 E12 fetal liver (FL) and 416B cells were treated with increasing amounts of DNaseI (Roche, Burgess Hill, United Kingdom; 5 to 160 U and 0.5 to 16 U/sample, respectively). DNA was isolated and digested with appropriate restriction enzymes, and 5-to 15-kb restriction fragments were analyzed by Southern blot using single-copy probes located at the 5Ј or 3Ј end of the restriction fragments. Positions of restriction fragments, probes, and corresponding primer sequences are available upon request. All primers were designed using Primer3 (http://primer3.sourceforge.net/, Whitehead Institute for Biomedical Research, Cambridge, MA).
Luciferase and LacZ enhancer-reporter constructs
Genomic fragments spanning (parts of) the ϩ 23 CNE were generated by polymerase chain reaction (PCR) ( Table S3 ). Mutations were confirmed by sequencing.
Analysis of enhancer activity in F0 transgenic mouse embryos
Mouse F0 transgenic embryos carrying LacZ enhancer-reporter constructs were generated by pronuclear injection of (C57BL/6 ϫ CBA)F2 zygotes following standard procedures. Transgenic embryos were identified by LacZ-specific PCR on genomic DNA isolated from YS/ectoplacental cone (5Ј-GCAGATGCACGGTTACGATG-3Ј; 5Ј-GTGGCAACATG-GAAATCGCTG-3Ј). Embryos were fixed for 30 minutes to 1 hour at 4°C in 1% formaldehyde (VWR International, Lutterworth, United Kingdom), 0.2% glutaraldehyde (Sigma, Poole, United Kingdom), 2 mM MgCl 2 , 5 mM EGTA (pH 8.0), and 0.02% NP-40 in PBS; washed in 0.02% NP-40 in PBS; and stained O/N at room temperature (RT) in the dark in Xgal staining solution (5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 ⅐3 H 2 O, 2 mM MgCl 2 , 0.01% sodium deoxycholate, 0.02% nonidet P-40 , and 1 mg/mL Xgal [5-Bromo-4-chloro-3-indolyl-D-galactopyranoside; Sigma] in PBS). Embryos were washed in PBS, postfixed O/N at 4°C, photographed using a Leica MZFLIII microscope, Leica DFC 300F digital camera (Leica Microsystems, Milton Keynes, United Kingdom) and Openlab software (Improvision, Coventry, United Kingdom), incubated O/N at 4°C in 15% sucrose in PBS, and embedded in Tissue-Tek OCT compound (Sakura, Siemens Medical Solutions Diagnostics, Newbury, United Kingdom). Transverse sections (8-10 m) were cut on a Leica CM3050S Cryostat (Leica Microsystems), coverslipped using Kaiser glycerol gelatin (VWR International), and examined using a Nikon Eclipse E600 microscope (Nikon, Tokyo, Japan). Pictures were made with an Olympus Camedia C-3030 Zoom digital camera (Olympus, Melville, NY) and Adobe Photoshop (Adobe Systems Europe, Uxbridge, United Kingdom).
Luciferase assays
Luciferase assays were performed as described 25 with minor modifications. Briefly, 10 7 416B cells were electroporated with 10 g test plasmid and 1g pRL-TK control plasmid (Promega) at 220 V and 960 FD. Relative luciferase activity was determined after 24 hours using the Dual Luciferase Reporter Kit (Promega). Luciferase activity was measured on a FLUOstar Optima luminometer (BMG Labtech, Aylesbury, United Kingdom). The ratio of firefly over renilla luciferase activity was used to correct for transfection efficiency.
ChIP and real-time PCR
For chromatin immunoprecipitation (ChIP) assays, 10 7 416B cells were incubated in 0.5% formaldehyde in media for 10 minutes at RT to cross-link DNA and protein and processed as described. 24 Chromatin was sonicated to produce fragments of 300 to 500 bp. ChIP was performed using the ChIP Assay Kit (Upstate Biotechnology, Millipore, Amsterdam, The Netherlands). Antibodies used in ChIP were Elf-1 (sc-631X; Santa Cruz, Santa Cruz, CA), Fli-1 (sc-356X; Santa Cruz), Gata2 (sc-9008; Santa Cruz), Ldb1, Lmo2, SCL (kind gifts of C. Porcher, MRC Molecular Hematology Unit, Oxford), Pu.1 (sc-352; Santa Cruz), and Runx1 (N-terminus, PC284L; Calbiochem, San Diego, CA). Relative enrichment of target sequences was measured by real-time PCR as described, 24 using primers and 5ЈFAM-3ЈTAMRA-labeled probes selected from unique sequences within the Runx1 locus (Table S4 , available on the Blood website, see the Supplemental Materials link at the top of the online article).
Flow cytometry
E11 aorta-gonad-mesonephros (AGM) region, vitelline and umbilical arteries (VUs), and FL were dissected in PBS-FSC. The dorsal aorta with its surrounding mesenchyme was subdissected free from the urogenital ridges and combined with VU (AVU). At the time of dissection, ϩ 23-Line1 Tg embryos were discriminated from wild-type littermates by incubating severed heads in Xgal staining solution (see "Analysis of enhancer activity in FD transgenic embryos") for 2 hours at 37°C. Tissues were pooled according to genotype and cell suspensions made as described. 26, 27 Viable cells were counted using Trypan Blue (Sigma) and a Neubauer hemocytometer (VWR International). On average, 37.6 (Ϯ 9.6) ϫ 10 4 (mean Ϯ SD; n ϭ 14) and 42.3 (Ϯ 8.9) ϫ 10 4 (n ϭ 10) cells were obtained from E11 AVU and FL, respectively.
Cell suspensions of E11 AVU and FL were loaded with fluorescein di-␤-D-galactopyranoside (FDG; Molecular Probes, Leiden, the Netherlands) as described. 28 FDG was detected in the FL1 channel of a MoFlo flow cytometer (Dako, Ely, United Kingdom). Dead cells and debris were excluded from the analyses and sorts on the basis of Hoechst 33258 uptake and forward scatter characteristics. FDG Ϫ and FDG ϩ sorted cells from ϩ 23-Line1 Tg tissues were collected in 100% 0.45-m filtered FCS and washed in PBS, and viable cells were counted using a Neubauer hemocytometer.
Analysis of hematopoietic activity
Clonogenic progenitor cells within the sorted FL and AVU cell populations were assayed in the colony-forming unit-culture (CFU-C) assay. Cells were plated in duplicate in 35-mm culture dishes in MethoCult M3434 (StemCell Technologies, London, United Kingdom) according to the manufacturer's instructions. Cultures were grown at 37°C, 5% CO 2 and colonies counted after 7 days.
FDG Ϫ and FDG ϩ FL and AVU cell populations were assayed for the presence of definitive HSCs as described. 26 Briefly, adult male (C57BL/6 ϫ CBA)F1 mice were conditioned with a split dose of 9 Gy from a 137 Cs source. Embryonic cells were coinjected with 2 ϫ 10 5 (C57BL/6 ϫ CBA)F1 spleen cells (to promote survival). Recipients were analyzed for donor-derived hematopoietic reconstitution at 1 to 2 and more than 4 months after transfer by LacZ-specific semiquantitative PCR on peripheral blood DNA. Multilineage hematopoietic reconstitution was assessed as described. 27 
Results
Identification of candidate hematopoietic Runx1 cis-regulatory elements
To identify conserved noncoding elements (CNEs) with a high likelihood of cis-regulatory function in the Runx1 locus, we performed Gumby analysis 21 of a 6-way Multi-LAGAN 18, 19 alignment of 270 kb of mouse genomic sequence spanning Runx1, and corresponding genomic sequences of human (Homo sapiens), dog (Canis familiaris), opossum (Monodelphis domestica), chicken (Gallus gallus), and frog (Xenopus tropicalis). Gumby identified 42 CNEs in the Runx1 locus, 13 of which had P values less than le-10 (ie, a high likelihood of cis-regulatory function 21 ; Figure  1Ai ). The Runx1 P1 and P2 promoter regions were among these ( Table S1 ), confirming that relevant Runx1 cis-elements can be found in this manner. We then performed DNAseI hypersensitive site (DHS) analysis on E12 mouse FL (harboring Runx1 ϩ hematopoietic cells 28 ) to select those candidate cis-elements that are in an open chromatin configuration in hematopoietic progenitor cells.
Approximately 85% of the 270 kb mouse Runx1 locus was analyzed and 9 DHSs were identified, only 3 of which mapped precisely to Gumby CNEs with low P values, namely the Runx1 P1 and P2 promoter regions and an intronic 194-bp mouse-frog conserved CNE located 23.5-kb downstream of the ATG in exon1 (named ϩ 23) (Figure 1A ,B; Table S1 ). All 3 DHSs were confirmed in 416B myeloid progenitor cells (Runx1-positive by RT-PCR, not shown; Figure 1A ,B, Table S1 ). Since in vitro and preliminary in vivo analysis of P1 and P2 promoter fragments had indicated that the Runx1 promoters lack clear tissue specificity (Ghozi et al 29 To assess whether the ϩ 23 CNE has enhancer activity at hematopoietic sites of the embryo in a pattern relevant to endogenous Runx1, a 531-bp mouse genomic fragment containing the ϩ 23 CNE was cloned downstream of the LacZ gene in an hsp68LacZ reporter construct (the hsp68 promoter alone did not drive reproducible hematopoietic lacZ expression [ Figure S1 ]). F0 hsp68LacZ ϩ 23 transgenic embryos were generated and analyzed for LacZ expression at E8 and E10. At these time points, the ϩ 23 CNE consistently showed enhancer activity at hematopoietic sites ( Figure 2A ). In 4 of 5 E8 embryos, the ϩ 23 CNE targeted expression to cells in the yolk sac (YS) blood islands (BIs) and to the paired dorsal aortae in the para-aortic splanchnopleura (PAS; Figure S2A ). These clusters are the sites where the first definitive HSCs of the embryo are found. 27, 28 In addition, enhancer activity was observed in a small subset of endothelial cells (often underlying the clusters), and in some cells in the mesenchyme under the aorta (Figure 2Ci ,ii arrows). This pattern of activity is consistent with endogenous Runx1 expression in these arteries, although, remarkably, the ϩ 23 enhancer did not recapitulate the wider endothelial and mesenchymal expression seen in the aorta of Runx1-LacZ KI embryos 23, 28 (Figure 2Cv ). In the YS, the ϩ 23 enhancer targeted blood cells in the YS capillaries as seen in the Runx1-LacZ KI (compare Figure 2Ciii and Cvii), and in the developing FL some individual hematopoietic cells expressed LacZ, but no expression was seen in the liver capsule (compare Figure 2Civ and Cviii). Furthermore, LacZ ϩ cells were found in the placenta ( Figure S2B as described for the Runx1-lacZ KI 30, 31 ).
؉ 23 enhancer activity in 416B cells is controlled by Runx, Gata, and Ets motifs
To characterize the regulatory modules that control the activity of the ϩ 23 enhancer in hematopoiesis, we generated an enhancer deletion series in the enhancerless pGL3P vector ( Figure 3A) . (ii) Hematopoietic DHS detected along the mouse Runx1 locus (vertical red bars) in the area analyzed (horizontal black lines). Only 3 CNEs with a -log10(P value) more than 10 corresponded to a DHS (light gray shading; P1 CNE not visible on this scale, Table S1 ). When assayed in transient transfections in 416B cells, the fulllength fragment resulted in a 7.2 (Ϯ 3.2)-fold (mean Ϯ SD) increase in luciferase activity over the pGL3P control ( Figure 3B ). All of this activity was restricted to the central part (nt's 144-378) that spanned the mouse-frog conserved Gumby CNE. The less conserved 234 and 180 bp at the 5Ј and 3Ј end, respectively, were devoid of enhancer activity. Indeed, these parts may inhibit enhancer activity in vitro, as the central part alone resulted in approximately 2.4-fold higher luciferase activity than the fulllength ϩ 23 enhancer (P ϭ .02; 2-tailed t test).
In the central part of the ϩ 23 enhancer, we observed at least 7 frog-conserved phylogenetic footprints, 4 of which contained exact matches to consensus TF sites 32 for Myb (YAACNG), Runx (ACCRCA), Gata (WGATAR), or Ets (GGAW; Figure 4 ). In addition, there were less deeply conserved consensus Ets and E-box (CANNTG) motifs. Each of these motifs (apart from the E-box 33 ) were mutated individually to assess their contribution to ϩ 23 enhancer function. Most strikingly, mutation of the putative Runx or Gata site abolished all in vitro enhancer activity, resulting in luciferase levels comparable with the pGL3P control ( Figure 3C ). In addition, mutation of the most 5Ј Ets site significantly lowered enhancer activity and this decreased even further when all 3 Ets motifs were mutated. Individual mutation of the other 2 Ets sites did not affect enhancer activity, neither did mutation of the Myb site or motif B or C. A minor decrease in activity was seen upon mutation of motif A. In conclusion, our data showed that the ϩ 23 Runx1 enhancer critically depends on deeply conserved Gata, Runx, and Ets motifs for its in vitro function. Whether other sequences in motifs A, B, and C or additional, less conserved sequences in the enhancer also are required for its function remains to be established. In addition, some of the conserved motifs may 
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negative effect on enhancer activity in other cell types.
Binding of Gata, SCL, Ets, and Runx TFs to the ؉ 23 enhancer in vivo
To explore whether Gata, Runx, and Ets TFs are recruited to the ϩ 23 enhancer in vivo, we performed ChIP assays in 416B cells.
ChIP samples were analyzed by real-time PCR for enrichment of ϩ 23 enhancer sequences over control sequences located approximately 1-kb upstream and downstream of the enhancer, and at 2 CNEs 14.5-and 47.9-kb downstream of the enhancer, which we assumed to be devoid of hematopoietic cis-regulatory function as they lacked DHS ( Figure 5A ). ChIP experiments for Gata2, Runx1, Fli-1, Elf-1, and Pu.1 revealed that the ϩ 23 Runx1 enhancer was specifically enriched compared with the surrounding DNA and the no-antibody control (Figure 5B ), confirming the in vivo binding of Gata2, Runx1, and Ets TFs to the enhancer. In hematopoiesis, SCL is frequently found in a complex with Gata factors, 24 so the presence of Gata2 at the ϩ 23 Runx1 enhancer (and the E-box motif) prompted us to examine whether an SCL complex is also recruited. Indeed, ChIP for SCL, Lmo2, and Ldb1 showed strong enrichments for all 3 TFs at the ϩ 23 enhancer ( Figure 5B ).
The Runx motif is not critical to ؉ 23 enhancer activity in the embryo
The need for an intact Runx motif for enhancer function and the binding of Runx1 in vivo suggested that a positive autoregulatory loop acts on the ϩ 23 element in 416B cells. To examine whether the ϩ 23 enhancer is subject to such a loop at the onset of hematopoiesis in the embryo, F0 transgenic embryos carrying the hsp68LacZ ϩ 23 enhancer-reporter construct with a mutated Runx motif (hsp68LacZ ϩ 23 Runx ) were generated and analyzed for LacZ expression as before. We found that the Runx mutation did not affect overall enhancer activity at the time of Runx1 expression initiation in the embryo (early E8), or at stages of HSC emergence in the dorsal aorta and VU (E10) (compare Figures 6A and 2A) . Indeed, the Runx-mutated enhancer was still active in the E8 PAS and in YS BIs (Figures 6Bi,ii and S3Ai). At E10, LacZ expression was still observed in the hematopoietic clusters of the dorsal aorta and VU (though expression levels in the dorsal aorta appeared somewhat decreased at this stage; Figure S3Bi ,ii).
Activity of the ؉ 23 Runx1 enhancer in the embryo is controlled by Gata and Ets motifs
Since Gata and Ets motifs were critical for enhancer function in vitro, we examined whether these motifs are also important for the activity of the ϩ 23 Runx1 enhancer at the onset of hematopoiesis in the embryo. Mutation of the Gata site (hsp68LacZ ϩ 23 Gata ) resulted in complete abrogation of typical ϩ 23 enhancer activity in the embryo (compare Figures 6A and 2A) . In 2 of 6 E8 hsp68LacZ ϩ 23 Gata F0 embryos, we observed nontypical lacZ expression in the dorsolateral mesenchyme that extended into the wall of the dorsal aorta (Figure 6Biv ). In addition, rare LacZexpressing YS endodermal cells, but not cells in the BI (Figure  6Biii) , were still present in one third of the embryos ( Figure S3Aii) . In all E10 F0 transgenic embryos, LacZ expression was completely lost from the clusters of hematopoietic cells in the dorsal aorta and VU, though faint expression was observed in some endothelial cells of the dorsal aorta and VU, in 2 of 6 and 1 of 6 embryos, respectively ( Figure 6A ; Figure S3Biii) . None of the E10 embryos expressed LacZ in peripheral blood (PB) cells, the yolk sac, or fetal liver in a pattern relevant to the ϩ 23 Runx1 enhancer (ie, in individual hematopoietic cells).
Mutation of the 3 mouse-chicken/frog conserved Ets motifs in the ϩ 23 Runx1 enhancer (hsp68LacZ ϩ 23 Ets ) also resulted in a severe reduction of LacZ expression in F0 transgenic embryos. In only 1 (13%) of 8 E8 embryos, LacZ was expressed in the posterior dorsal aorta versus 80% of embryos carrying the unmutated ϩ 23 enhancer (compare Figures 6A and 2A) . Moreover, this expression was weak and punctuate compared with the more uniform cytoplasmic expression seen with the unmutated ϩ 23 enhancer (compare Figure 6Bvi with Figure  2Biii -iv). Weak, punctuate LacZ expression was also observed in the YS BIs of 25% of the E8 embryos, compared with strong YS BI expression in 80% of the hsp68LacZ ϩ 23 controls (compare Figures 6Bv, 2Bi ,ii and S3Aiii). At E10, LacZ expression in hematopoietic clusters of the dorsal aorta was observed in only 1 of 7 embryos (Figures 6A and S3Biv) . Similarly, expression in blood cells in the lumen of YS capillaries was seen in 1 of 7 embryos. In none of the E10 embryos did we observe any LacZ-expressing PB cells or ϩ 23-specific enhancer activity in the VU or FL. 
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is active in clonogenic progenitors and definitive HSCs in the embryo
To demonstrate unambiguously that the ϩ 23 Runx1 enhancer is active in hematopoietic progenitor and stem cells of the midgestation embryo, E11 dorsal aorta ϩ VU (AVU) and FL cells were assayed for the presence of in vitro clonogenic progenitor cells (colony-forming unit-culture, CFU-C) and in vivo long-term multilineage reconstituting HSC (LTR-HSC) activity. For this, an hsp68LacZ ϩ 23 transgenic mouse line, ϩ 23-Line1 (Figure S4 ), was used. Flow cytometric analysis of FDG-loaded E11 AVU and FL cells showed that the ϩ 23 enhancer was active in on average 2.8% (Ϯ 1.2%) of AVU cells (mean Ϯ SD; n ϭ 13) and 37.8% (Ϯ 4.3%) of FL cells (n ϭ 10) ( Figure 7A ; FDG is a fluorescent substrate for ␤-galactosidase). FDG ϩ and FDG Ϫ cells were sorted from the AVU and FL cell suspensions and assayed for the presence of CFU-Cs. We found that the FDG ϩ population was on average 47.1-fold (AVU) and 3.1-fold (FL) enriched for CFU-Cs ( Figure 7B) . Calculation of the absolute number of FDG ϩ and FDG Ϫ CFU-Cs per embryo showed that the majority of AVU and FL CFU-Cs were present in the FDG ϩ population ( Figure 7C ).
To assay for LTR-HSC activity, sorted FDG ϩ and FDG Ϫ cells were transplanted into irradiated adult recipients. Analysis of recipient PB at more than 4 months after transfer showed that donor-derived PB reconstitution was predominantly found among the mice that received a transplant of FDG ϩ AVU or FL cells ( Figure 7D ). Moreover, FDG ϩ cells conferred high-level PB reconstitution (Ͼ 50%; Figure 7E) , and contributed to all hematopoietic tissues and lineages analyzed ( Figure 7F,G) . This is indicative of the presence of bona fide LTR-HSCs in the FDG ϩ subset. Of the 18 recipients that received a transplant of FDG Ϫ AVU or FL cells, only 1 contained donor-derived PB cells (contributing to 20% of PB; Figure 7D ,E). It cannot be excluded that a few contaminating FDG ϩ cells in the FDG Ϫ population are responsible for this (sort purity of the FDG Ϫ cells in this experiment was 97.5%). Thus, we conclude that the ϩ 23 Runx1 enhancer is active in the majority of CFU-Cs and in most, if not all, definitive HSCs of the E11 AVU and FL.
Discussion
Until our study, little was known about the direct transcriptional regulation of Runx1 expression and thus its place in the genetic pathways that govern definitive HSC emergence. This is surprising, as Runx1 is a (if not "the") master regulator of definitive blood formation in the embryo. The results presented here now provide a better understanding of the transcriptional regulation of Runx1 during the onset of hematopoiesis, and in particular HSC generation in the mouse embryo. Using a combination of comparative genomics and functional assays, we have successfully isolated a Runx1 intronic cis-regulatory element (named the ϩ 23 Runx1 enhancer) that is active from the initiation of Runx1 expression in the E8 PAS until its expression in definitive HSCs and progenitors in hematopoietic clusters of the dorsal aorta and VU and in the FL. Importantly, we have identified Gata2 and Ets transcription factors as direct upstream regulators of Runx1.
Runx1 candidate regulatory elements
The Gumby algorithm 21 was used to identify CNEs with a high likelihood of function. In our alignment of the Runx1 loci of 6 vertebrate species, Gumby detected 13 mouse-frog CNEs with P values less than le-10. The Runx1 P1, P2, and the ϩ 23 enhancer described here comprise 3 of these. As the Runx1 ϩ 23 enhancer did not target reporter gene expression to the nonhematopoietic Runx1-expressing tissues 6 of the embryo, the remaining CNEs are likely to reflect additional tissue-specific Runx1 cis-elements, similar to what was described for other developmental regulated gene loci. 21 
Specificity for HSCs and hematopoietic progenitor cells
We showed that the 531-bp ϩ 23 Runx1 enhancer targets reporter gene expression to all known hematopoietic tissues of the mouse embryo in a spatiotemporal pattern that is specific and consistent with the hematopoietic expression of the endogenous Runx1 gene 23, 28, 30, 31, 34, 35 (and this study). Moreover, we demonstrated unambiguously that the ϩ 23 enhancer is active in definitive HSCs and clonogenic progenitors of the dorsal aorta, VU, and FL. In line with this, the ϩ 23 Runx1 enhancer particularly targeted reporter gene expression to the clusters of hematopoietic cells protruding from the walls of the aorta and VU where HSCs were previously found. 27, 28 Interestingly, reporter gene-marked clusters were present not only at the ventral wall of the dorsal aorta (where hematopoietic clusters were historically described 4 ), but also along its dorsal wall. Recently, Taoudi and Medvinsky 36 reported on the presence of clusters at the dorsal wall of the mouse aorta, and showed that this side of the vessel contains clonogenic hematopoietic progenitor cells, while the ventral aortic wall harbors definitive HSCs as well as clonogenic progenitors. Together, these data indicate that the ϩ 23 Runx1 enhancer faithfully targets the emerging hematopoietic stem and progenitor cells on both sides of the dorsal aorta.
The ؉ 23 Runx1 enhancer as a tool to study developmental origins of HSCs
The ϩ 23 Runx1 enhancer also targeted lacZ expression to a few cells of the endothelium and mesenchyme of the E10 dorsal aorta, but did not recapitulate the wider endothelial/mesenchymal endogenous Runx1 expression (compare Figure 2Ci,v) . We observed this enhancer-specific LacZ expression pattern not only in F0 embryos but also in 4 independently generated transgenic mouse lines, and therefore concluded that it truly reflects the intrinsic activity of the enhancer. This more restricted activity of the ϩ 23 enhancer compared with endogenous Runx1 suggests that it may target only those aortic endothelial/mesenchymal Runx1-expressing cells that are the precursors of the HSCs and clonogenic progenitors (ie, the proposed hematogenic endothelium/hemangioblasts). 4, 23, 28 Interestingly, it was shown recently that endogenous Runx1-expressing cells of the E7.5 to E8.5 mouse conceptus contributed to the definitive bone marrow HSC pool. 35 The early onset of ϩ 23 enhancer activity and endogenous Runx1 expression in a few cells in the wall of the dorsal aortae of the E8 to E8.5 PAS suggests that these are (part of) the cells responsible for this contribution. A thorough analysis of the nature and fate of the cells in which the ϩ 23 Runx1 enhancer is specifically active in the E8 embryo will be instrumental in addressing this notion.
The ؉ 23 Runx1 enhancer integrates Gata, Ets, and SCL transcriptional pathways during HSC formation Mutation analyses of the ϩ 23 Runx1 enhancer revealed that deeply conserved Gata and Ets motifs are essential for its activity at the onset of hematopoiesis. Moreover, ChIP experiments showed that Gata2, the Ets factors Fli-1, Elf-1, Pu.1, and the SCL/Lmo2/Ldb1 complex, are bound to the enhancer in vivo. Although we did not mutate the E-box in the ϩ 23 enhancer, support that SCL is a direct regulator of Runx1 in developmental hematopoiesis comes from studies in zebrafish. 12, 13 In addition, a search for SCL target genes in mouse identified Runx1 as a direct target in YS and FL (J.-R. Landry, S. Kinston, K. Knezevic, M.F.T.R.B., N. Wilson, W.T.N., F. Edenhofer, J. E. Pimanda, and B. Gottgens, manuscript submitted, July 2007). Together, this indicates that the activity of the ϩ 23 Runx1 enhancer is regulated by Gata, Ets, and SCL TFs. Gata2, Fli-1, and the SCL complex are themselves important regulators of developmental hematopoiesis 1,37-41 (and references therein). We showed here that the ϩ 23 Runx1 enhancer has a more restricted activity in the dorsal aorta than the previously identified Gata2, Fli-1, or SCL enhancers, 25, [42] [43] [44] [45] [46] in that it targets mainly emerging hematopoietic clusters and not the general endothelium. The deeply conserved TF motifs and their precise spacing in the ϩ 23 enhancer are likely to dictate the specific stoichiometry and temporal binding of a Gata2, Fli-1, and SCL containing protein complex (see also Anguita et al 24 ; Hughes et al 47 ; and Ferreira et al 48 ). We suggest that it is the precise spatiotemporal expression of all 3 TFs that controls Runx1 expression and thus the fate of precursor cells to commit to the hematopoietic lineage. In addition, other as-yet-unidentified motifs may contribute to the specificity of the enhancer, either in a positive way or by recruiting repressors in cells in which the ϩ 23 Runx1 enhancer is inactive but Gata, Ets, and Scl TF are present.
Autoregulation via the ؉ 23 enhancer
Our data suggest that the ϩ 23 enhancer is subject to a Runx1 autoregulatory loop in adult-derived 416B cells. However, analysis of hsp68LacZ ϩ 23 Runx F0 transgenic embryos provided no support for Runx1 autoregulation through the ϩ 23 enhancer at the onset of hematopoiesis. Analysis of ϩ 23 enhancer activity on a Runx1-null background confirmed and extended this finding as LacZ expression in the YS BI and wall of the E8 paired dorsal aortae was not affected in these embryos (A.C. Santos and M.F.T.R.B, unpublished observations, October 2006). However, it cannot be excluded that the ϩ 23 enhancer is subject to Runx1 autoregulation at later developmental time points. In such an autoregulatory loop, Runx1 may act with Gata factors to maintain Runx1 expression during terminal differentiation of specific cell types. 49, 50 
Conclusion
We have identified and characterized a hematopoieticspecific Runx1 enhancer that is active during the onset of mouse hematopoiesis and critically requires Gata and Ets motifs for its activity. Importantly, we showed that the ϩ 23 Runx1 enhancer marks bona fide HSCs at their site of generation in the dorsal aorta and VU, and in the FL, unambiguously implicating this enhancer in the process of HSC generation. Finally, our data indicate that Gata2, Fli-1, and the SCL complex are recruited to the ϩ 23 enhancer in vivo, placing Runx1 directly downstream of these factors in the transcriptional network that governs HSC emergence. 
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